Heavy fuel-oils, used engine oils and animal fat can be used as dense, viscous combustibles within industrial boilers. Burning these combustibles in the form of an emulsion with water enables to decrease the flame length and the formation of carbonaceous residue, in comparison with raw combustibles. These effects are due to the secondary atomization among the spray, which is a consequence of the micro-explosion phenomenon. This phenomenon acts in a single emulsion droplet by the fast (< 0.1 ms) vaporization of the inside water droplets, leading to complete disintegration of the whole emulsion droplet. First, the present work demonstrates a model of spray combustion of raw fuel. Secondly, the spray combustion of water-in-oil emulsified fuel is exposed to the same burning conditions, taking into account the micro-explosion phenomenon. Finally, the comparison between the results with and without second atomization shows some similar qualitative tendencies with experimental measurements from the literature.
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INTRODUCTION
Many cheap, available combustibles like heavy fuel-oil, used engine oil or animal fat can be used as combustibles, in spite of their higher density and viscosity. To burn these combustibles as water-in-oil emulsions has been known to shorten the flame length and to decrease the formation of carbonaceous residues and NOx, in comparison with the raw combustibles [1, 2] . These changes are caused by the second atomization of the emulsified combustibles. Indeed, second atomization is the consequence of the phenomenon of micro-explosion upon individual droplets. Micro-explosion means the fast (less than 0.1 ms. [3, 4] ) vaporization of inside water droplets, enabling to break the initial emulsion droplet up into a group of smaller droplets. Nevertheless, the microexplosion delay, the length and the temperature of the flames of emulsified fuel are required in order to design emulsion-burning boilers and heating devices. Law [5] defines theoretically and physically the limiting temperatures for the onset of micro-explosion in an individual droplet. Nazha et al. [6] make use of a specific droplet model and a probability function to determine to what extent the micro-explosion predicted by the droplet analysis affects the spray development. This work demonstrates a model of spray combustion in order to obtain the fields of local combustion rate and temperature. A steady, 2D numerical simulation of the combustion chamber has been performed. The turbulent flow of gases (standard k-ε model [7] ), the combustion within gaseous phase ("eddy-dissipation" model [8] ), the transport equations for the 5 different gaseous species (C 19 H 30 , O 2 , CO 2 , H 2 O, N 2 ) , and the boundary conditions are defined independently from the raw or emulsified nature of the combustible. In order to model liquid fuel combustion, a Lagrangian model of velocity, heat and mass transfer has been applied to liquid droplets. To model the injection of a spray, droplets are inserted in the computational domain according to measured distributions of diameter and velocity reported in the literature. Within this context, a simulation of spray combustion involving droplets of raw fuel is first presented. Secondly, the fundamental modifications that are set to model waterin-fuel emulsion droplets are explained in details. These modifications concern both the liquid inside of the droplet and its gaseous environment. The Lagrangian "sphere layer" model [9] has been applied within the emulsion droplet, including the definition of a criterion for micro-explosion based on the onset of nucleation. This model indicates the instant in the droplet lifetime when the micro-explosion criterion is reached. From this instant, the micro-explosion is modeled this way: The emulsion droplet disappears, and is replaced by a group of 8 droplets of raw fuel. This division into 8 droplets is in accordance with the decrease by half of the Sauter Mean Diameter (SMD) measured within combusting sprays of emulsified droplets compared to the sprays of raw fuel [1, 2] . These experimental investigations of sprays of emulsified fuel with microexplosion [1, 2] considered a division of the flame into zones of interest, seeing a significant influence of micro-explosion in some of these zones. Such a decrease by half of the SMD would be the equivalent of the injection pressure multiplied by 5 in a swirltype burner [10 p. 210 ]. Finally, a qualitative comparison has been applied to measurements of temperature fields over flames of emulsified, and of raw fuel.
SPRAY COMBUSTION MODEL
A steady, 2D numerical simulation of the combustion chamber has been performed ( Fig.  1 ). This computational domain aims at reproducing an idealized small-scale (less than 1 MW) boiler, although it is large enough (1.5 by 1 m.) to ensure that there is no influence of the boundaries onto the flame. The computational grid is uniformly distributed, with squared cells of side 2 mm. A test was conducted for sensitivity to the mesh, showing negligible differences with 2.5 mm-squared cells. At the left side, the boundary condition is an imposed velocity of turbulent and hot air (Table 1) exhausting at the right side. The droplets of combustible fuel are injected 2 cm. away from the left side.
Gaseous phase
Concerning the gaseous phase, 5 physical phenomena are taken into account: The transport of gaseous species (C 19 H 30 , O 2 , CO 2 , H 2 O, N 2 ), the calculations of energy and velocity, the turbulence and the local combustion rate. Equation (1) is the transport equation used for each gaseous species. The source term S is not null due to the vaporization from liquid droplets, concerning C 19 H 30 , and H 2 0 in the case of emulsion droplets. Computational domain.
(1)
Equation (2) represents the velocity calculations among the gaseous phase. The force F d is exerted onto the gaseous phase by the droplets as a reaction to their drag force, which is explained in details at section 2.2.1.
Moreover, turbulent combustion of heavy oil requires specific choices. In this extent, the model applied by Furuhata et al. [15] in a combustion chamber of similar dimensions (1.44 m long, 0.43 m in diameter) to model a flame of heavy oil has hereby been used. The set of equations consists of a standard k-ε turbulence model and an "Eddy-dissipation" calculation of the combustion rate. Lastly, a Lagrangian approach for the droplets has been applied as in their model. Furuhata et al. [15] compare the results to experimental measurements of axial velocity for the turbulence model, obtaining an excellent agreement (Fig. 2) . Concerning the combustion model, an experimental validation has also been carried out with the temperature and volume
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fraction of species, reaching a difference of less than 30% with similar tendencies all over the combustion chamber [15] . As already mentioned, turbulence has been taken into account by means of the standard k-ε model [7] described in Eqs. (3) (4) (5) . The use of a turbulence model is justified by a rapid calculation of the Reynolds number of the flow inside the domain (Fig. 1) , being approximately 65,000. Different versions of k-ε turbulence model are used in the literature for models of combusting sprays [11] [12] [13] . However, in the present case, the absence of swirl or curved geometry involving a significant curvature for streamlines makes the standard k-ε model an appropriate choice. Because the boundary layers are supposed to stand more than 20 cm away from the flame, they are not given a special treatment. µ t represents the turbulent viscosity defined in Eq. (4), G k is the turbulent kinetic energy k generated by velocity gradient, C 1ε , C 2ε and C 3ε are constants, respectively equals to 1.44, 1.92 and 0.09. σ k and σ ε are the turbulent Prandtl numbers for k and ε, being respectively 1 and 1.3.
The local combustion rate R j,r results from the "eddy-dissipation" model [8] reported by Eq. (6), based on the characteristic duration of turbulent mixing (k/ε). In fact, this turbulent mixing puts the reactants together after a duration being 2 orders of magnitude longer than the chemical timescale in the same conditions [14] . Thus, the chemical duration of combustion is neglected. Y is the local mass fraction, ν is the stoechiometric coefficient, M is the molar mass, A and B are empirical constants chosen as 4 and 0.5 respectively. The "eddy-dissipation" model requires small concentrations of product species to start the calculations, thus some small volume fractions (0.5%) of these species are deliberately included in the boundary condition at the left side (Table 1) . (6) Lastly, the energy calculations are governed by Eq. (7), where the source term S h is the heat release from the local combustion rate minus the latent heat of water vaporized from the emulsion droplets.
This whole set of equations represents standard modeling techniques [15] for spray combustion calculations, enabling a proper comparison between raw and water-in-oil emulsified fuel, where the differences in the obtained flames are due to the Lagrangian model for emulsion droplets, and the micro-explosion.
Injection of droplets
The droplets streams are steady flow rates (Q d ) of identical droplets interacting with their gaseous, Eulerian environment. Thus, Lagrangian calculations can be applied to individual droplets using a time step between 0.4 and 2 µs depending on their velocity. The initial parameters of injection (Figs. 1 and 3 ) imitate the measured distributions of diameter that are found in the literature [16] as diffractometry measurements onto cold sprays of raw and emulsified fuel, without combustion. The linear distribution of initial
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Figure 3:
Injection of droplets for spray combustion.
velocity magnitude (Eq. 8.a) is also in the same order of magnitude as the results of velocity and diameter measurements [17] reported in a spray of emulsified fuel. These intervals are issued from measurements onto sprays injected by a burner, reported by Rhim et al. [16] for the diameters, and by Mizutani and Taki [17] for the velocities. To sum up, the droplets injected in the horizontal axis of the burner have a smaller diameter and a higher velocity than the droplets injected at the lateral extremities of the spray. This leads to the linear distribution of initial velocity (Eq. 8.a) and diameter (Eq. 8.b) corresponding to these global tendencies. The distribution of initial velocity at injection is the same concerning raw or emulsified fuel. But the initial diameter of emulsion droplets (Eq. 8.b), is up to 3 µm larger, as needed to contain their water fraction (5% in Vol.). The added diameter needed to contain the water droplets results from the precise calculation of the volume of the spheres. 
Raw fuel
The calculations of velocity and drag force described by Eq. (10) are applied to a droplet of raw fuel. This droplet drag model has been considered for a Reynolds number of droplets Re d of low value at injection (between 200 and 560) and further decreasing up to 100. Due to this range of Re d , the drag coefficient C d is calculated by Eq. (11) enabling to take precisely into account the velocity of the droplets, which is important in the present case with initial velocities up to 70 m.s -1 , and being different across the whole spray. The energy calculations, together with the correlation of Ranz and Marshall [18] used to calculate convective heat transfer, are reported by Eq. (12) . In the case of raw fuel, T d is the homogeneous temperature of the droplets. The correlation of Ranz and Marshall enables to take into account the relative velocity of the gaseous phase, through the Reynolds number of the droplet. Radiative heat transfer has been neglected, due to the expected predominance of radiated heat emitted from the carbonaceous residue (soot and cenospheres) [19] . Such carbonaceous residue is produced in large quantity from the combustion of heavy fuel-oil [20] , and no reliable model of neither production, nor radiated heat of such porous carbon is presently available. Thus, neglecting the radiative heat transfer is intended to keep a simple and standard frame for comparison between raw and water-in-oil emulsified fuel. The flux of evaporating fuel from the liquid droplet is calculated by Eq. (13), which is the correlation of Nusselt, and the hypothesis of saturated fuel vapor above the surface of the droplet. This whole set of equations takes precisely into account the influence of gaseous phase (especially the relative velocity U d ) upon heat and mass transfer to the droplets.
(12) (13)
Water-in-oil emulsified fuel
An emulsion droplet is modeled differently than a droplet of raw fuel (Figs. 4 and 5) , because it contains thousands of water droplets dispersed into the fuel. First, its diameter is larger enough to contain its water fraction. At the surface of the emulsion droplet, the vaporization of water in the same proportion as initially contained within the fuel has been calculated by Eq. (14) . This is called the "steady depletion" hypothesis [21] for an emulsion.
(14)
The criterion for micro-explosion has been checked by the "Sphere layer" model (Fig. 4) [9] included in the Lagrangian calculations only for emulsion droplets. This unsteady thermal model calculates the radial distribution of temperature inside the emulsion droplet. Concerning spherical heat transfer without secondary phase of water, it was successfully validated in accordance with results of analytical results from Eq. (15) reported by Jacques [22] in fuel droplets. More precisely, it decomposes the emulsion droplet into concentric spherical layers with indices l as described by Eq. (16) , where the inner phase of water has been modeled as a heat sink Q l . Convection is not taken into account in this equation due to the higher viscosity of heavy fuel-oil [23] , especially when emulsified with 5% of water.
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Figure 4:
The "sphere layer" model [7] .
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Figure 5:
Model of an emulsion droplet.
The inside water droplets have a large interface area, which makes their temperature closely following the temperature of the around fuel (less than 1 K in difference). In the superficial layers of the emulsion droplet, the liquid metastable water droplets can be approaching the upper limit of temperature of metastable state proposed by Law [5] , e.g. the spinodal limit temperature (600 K). They are then considered to initiate the micro-explosion by nucleation. When this criterion is checked, the flux of emulsion droplets disappears and a local source of steam is evacuating their remaining liquid water. This criterion has been validated [9] by comparison to experimental microexplosion delays in 27 different situations under different combustion parameters (cf. Fig. 6 ), including ambient temperature up to 1500 K. Over these 27 different situations, the average difference between this numerical prediction and the corresponding measurement has been 10.2%, leading to a good reliability of the "sphere layer" model in the present situation.
At the instant of micro-explosion, 8 "sub-droplets" of raw fuel with random diameters and velocities (Table 2 ) appear 1 mm away from the place of micro-explosion, due to numerical convenience. This distribution into 8 droplets has been derived from measurements reported in the literature [1, 2] , where different authors reported optical measurements campaigns showing a decrease by half of the Sauter Mean Diameter (SMD) in a combusting spray with micro-explosion compared to a spray of raw fuel. This decrease by half of the mean diameter corresponds to a number of 8 sub-droplets, making a significantly larger number (for example, 12) unrealistic. Nevertheless, a test of sensitivity was conducted with a number of 6 sub-droplets, showing negligible differences in the computational results. The range of initial relative velocities for the sub-droplets is issued from a momentum balance equation, between the propulsion of eight sub-droplets and the available mechanical energy from expansion of the steam issued of the micro-explosion. The randomized distribution is due to an exact repartition "Sphere layer" model : Validation with varying weight fraction of water in the emulsion -reprinted from [9] .
of this work of expansion being difficult to quantify among dislocation of emulsion droplet, disturbance of the around gaseous phase and propulsion of sub-droplets (if not given other phenomena).
RESULTS
The exposed spray combustion model has been solved by a finite-volume numerical method, the computational domain being divided into a 2 mm-squared mesh (375,000 cells). Negligible differences are observed using a mesh with 666,667 cells, and this model in a simplified version [14] gives similar results with 240,000 cells. The first important result from the spray combustion model is the trajectories and vaporization rates of the fuel droplets, especially when a modified behavior has been implemented such as second atomization. The vaporization rates of the injected droplets of emulsified fuel lie between 0.4 and 0.8 mm 2 .s -1 until micro-explosion. The emulsion droplets actually lose 10 to 25% of their diameter prior to micro-explosion. To report this data concerning 239 fluxes of injected droplets, Fig. 7 shows the contours of the presence of liquid droplets (density of droplets > 0 in black) in the cells of the computational domain, (A) in the case of raw fuel; (B) in the case of emulsified fuel, including sub-droplets from micro-explosions. Indeed, these sub-droplets are all totally vaporized at a radius of 2 cm around the locations of micro-explosions. This makes their lifetimes much shorter than the ones of emulsion droplets, justifying their more simple Lagrangian model. Comparing Fig.7 (B) to (A), the first striking pattern is the significant shortening (until 35%) of the trajectories followed by the droplets, due to the second atomization in the spray. The contour (B) indicates that the droplets being at the lateral extremities of the injected spray, i.e. the ones being initially larger and slower undergo micro-explosion at a shorter distance from injection, relatively to the ones closer to the axis. The droplets injected on the axis still undergo micro-explosion, but this effect has less impact on their trajectory length, thus on the shape of the spray. The small size of the droplets, particularly of the sub-droplets issued from microexplosions, did not let them exert significant influence upon the velocity field of the around air, excepted in a much localized area (some mm) around the locations of the micro-explosions. As a consequence, the shape of the droplets distribution seen in Fig. 7 is interpreted as much more resulting from the Lagrangian phenomena modeled for the fuel and emulsion droplets, than from any influence of the around eulerian velocity field. Another important result of the model is the flame length, and the map of the local combustion rate (Fig. 8) . Indeed, owing to observations reported in the literature, the flame length is roughly proportional to the fraction of fuel inside the emulsion, and the local combustion rate is higher on the axis of the flame using an emulsion instead of a raw combustible [17] . The results shown by Fig. 8 indicate a maximum reaction rate 60% higher with the emulsion and this higher maximum reaction rate is considered as an important result. Using an emulsion, these higher disparities in the combustion rate enable higher rates for heat and mass transfers within the flame, hence they enable a faster mixing of combusting species. The axis of the flame shows a higher combustion rate using emulsified fuel. Thus, the global trend is a higher reaction rate expanding to the inside, from the lateral extremities of the flame to its axis. The temperature fields with or without emulsion are also an important result because they are easily comparable to experimental measurements [17] . Figure 9 shows the transversal distribution of temperature (along the y-coordinate shown Fig. 1 ) at different positions on the axis of the flame (total length of the combustion chamber: 1.5 m). Using an emulsion, the temperature is higher by 50, if not 300 K from 1.15 m on the axis, which is in accordance with the generally observed trend: a flame is narrower and more intense on its axis using emulsified fuel, in comparison with raw fuel [17] . This tendency has been interpreted as resulting from the higher local combustion rate enabled by second atomization on the axis. In the other locations out of the axis, contrary to the effect of an enhanced vaporization and mixing inside a usual Results of the spray combustion model -temperature fields.
spray of raw fuel, the emulsion and micro-explosion increase the peak flame temperature here. This is attributed to dozens of micro-explosions happening in a 50 cm segment of the contour of the spray (Fig. 7b) . Downstream this region, the release of fuel in a gaseous form is unusually intense in comparison with a spray of raw fuel evaporating till droplet radius falls to zero. This leads to a higher combustion rate, then to a higher flame temperature. The influence of the brought water (present in the emulsion) is negligible, due to a low initial proportion in the emulsified fuel (5%). Furthermore, the volume of steam produced through the micro-explosions has not been considered as significant (less than 10%) in comparison with the steam naturally produced through the combustion of fuel. The calculated temperature fields (Fig. 9 ) and measurements in a smaller flame (Fig. 10 ) present some differences, but also some interesting similar tendencies of increase in flame temperature, between 200 and 500 K hotter around the axis of the flame. In the experimental results reported on Fig. 10 using emulsified fuel, this increase in flame temperature is clearly noticed at the furthest position of the axis, with dramatic increase of app. 500 K all over the range of y-coordinate. At intermediate positions on the axis, this increase in experimental flame temperature enabled by emulsification is significant (until 200 K hotter) due to a maximum temperature being closer to the axis, in comparison with raw fuel. This is in accordance with the global 16 A numerical comparison of spray combustion between raw and water-in-oil emulsified fuel trend of the numerical reaction rate previously described. However, the first two positions on the axis show a decrease (of approximately 300 K) in temperature with emulsification; this has been interpreted as the combustion starting further on the axis, due to the increase in the velocities of droplets with micro-explosions. At this early stage of the flame, the present model does not result in such a decrease in temperature. Figure 11 shows the increase in the local temperature brought by the emulsion compared to raw fuel, both in the measurements and in the numerical results, downstream of the early stage of the flame (X / X max > 0.5). The increase in temperature is significant (between 200 and 600 K) in the two sets of curves, at R = 0.7 R max in the measurements and at R = 0.4 R max in the numerical results. In the last position on the axis, the measurements show a larger increase in temperature, 40% more than the numerical one, at a radius being close to the axis (R / R max < 0.4). Finally, such an increase in temperature, at an intermediate radius of the flame, represents a qualitative tendency shared by the model and the experiments, when an emulsified fuel is used.
CONCLUSION
To conclude, this work provides a global model of emulsion spray combustion, including the phenomenon of micro-explosion modeled in a Lagrangian way for individual emulsion droplets. The effect of secondary atomization onto the shape of the spray can be clearly noticed, in comparison with raw fuel. Furthermore, its results are in accordance with the experimentally observed trends from the literature: The flame is shorter and more intense on its axis using an emulsified fuel instead of a raw fuel, and it is an increase in local temperature at an intermediate radius of the flame. Thus, this comparison shows qualitative tendencies similar to the ones measured on smaller flames, in terms of temperature field. In the future, measurements of temperature fields on heavy fuel-oil flames of the same power should enable a quantitative validation of this model, and this first comparative study of qualitative tendencies represents a significant step in that purpose. Probable deviations from the statement of 8 subdroplets should also be tested, along with measurements of the sensitivity of this number of sub-droplets to the conditions of combustion.
